Multiple spontaneous 4f 13 5d 1 →4f 14 emissions are predicted in Yb 2+ -doped CsCaBr 3 crystals by ab initio quantum chemical calculations. Four emission bands are found at 23900, 26600, 34600, and 43900 cm −1 that should be experimentally observable at low temperatures. The first, third, and fourth bands are slow, electric dipole forbidden emissions that can be described as spin-forbidden.
I. INTRODUCTION
light-emitting diodes as pump sources. 6 They also highlight the importance of providing ab initio theoretical descriptions to the underlying electronic structures, for which semiquantitative models and schematic energy diagrams 9 or empirical crystal field analyses 2 are often used.
The stability of excited states of rare-earth ions in crystals was already investigated in very early spectroscopic works where it was observed that, if two spin-orbit levels were sufficiently close in energy, the upper level would not be sufficiently stable to fluoresce, a fact that promoted theoretical and experimental approaches to understanding multiphonon relaxation processes and their interplay with radiative processes (see references 10-12 and references therein). As a consequence, a number of factors are now recognized to play an important role in favoring the stability of excited states. [10] [11] [12] [13] [14] Among them, a key factor is the existence of large energy gaps in the manifold of excited states, but, also important are the value of the maximum phonon energy of the material and the spin character of the excited states separated by the gaps.
10-14
The progress of solid state quantum chemical methods has made it possible to obtain information about these factors independently from experiments, this being the main characteristic of the so-called ab initio methods. The calculation of potential energy surfaces of excited states is a typical target for ab initio methods of quantum chemistry based on the explicit use of multiconfigurational wave functions. [15] [16] [17] When these methods are combined with embedding techniques 18, 19 and the Hamiltonians used include scalar and spindependent relativistic terms, 18, 20 they can be applied to the calculation of local excited states of f -elements in the solid state and to their phosphor properties. [21] [22] [23] From the analyses of the potential energy surfaces and the corresponding wave functions, the energy gaps below excited states can be quantified, the energy of the local vibrational frequencies can be calcu- The results of the calculations and their analyses show that differential correlation between 4f -4f and 4f -5d electron pairs, splitting of the 5d shell in the crystal field, and spin-orbit effects in the 4f N −1 subshell, contribute to the existence of five energy gaps which determine the structure of the absorption and emission spectra. The absorption spectrum is split in four groups of separate bands of increasing intensity, three of which could lie below the host absorption. The emission spectrum consists of four emission bands at 23900, 26600, 34600, and 43900 cm −1 that should be experimentally observable at low temperatures. The second band is a fast, electric dipole allowed emission, whose radiative emission lifetime is 400 ns; the rest of bands are slow, electric dipole forbidden emissions. Competitive non-radiative decay from the states at 26600 cm −1 is also predicted; this should result in temperature dependent non-radiative feeding of the lowest, slow, forbidden band.
II. DETAILS OF THE CALCULATIONS
The quantum chemical methods employed here make use of explicit wave functions expanded in terms of flexible basis sets, multiconfigurational self-consistent-field 15 and multireference second-order perturbation methods 16, 17, 24, 25 to account for non-dynamic and dynamic electron correlation, scalar and relativistic terms in the (YbBr 6 ) 4− defect cluster Hamiltonian, 18, 26 and quantum mechanical embedding potentials to represent the host crystal.
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All the methods used have been described elsewhere; therefore, we only give here the details necessary so that the present calculations are reproducible. The results of the calculations performed in the (YbBr 6 ) 4− defect cluster, embedded in the CsCaBr 3 host, using the methods described in Section II are presented in Tables I and II, and Tables I and II include only the data that are needed for this paper.) Whereas the bond lengths are shorter in the 4f 13 5d(t 2g ) 1 manifold than in the ground state, the opposite is true for the 4f
states. These bond length differences have been observed before in f -element doped solids and have been analysed in detail elsewhere. 43, 44 All of these results show the much larger exposure of the 5d shell than the 4f shell to bonding and host interactions. The energy of the totally symmetric vibrational frequency,ν a 1g , is basically the same for all states, at this level of calculation, regardless of their main configurational character.
As soon as dynamic correlation of all valence electrons is treated, using the MS-CASPT2 method referred in Section II, the near degeneracy between the 4f 14 and 4f 13 5d(t 2g ) 1 shells is lifted and a large energy gap which separates the ground state from the first excited state is created (see Fig. 1 , right and Table I ). Dynamic correlation is found to increase the 4f 13 -4f 13 5d(t 2g ) 1 and 4f 13 -4f 13 5d(e g ) 1 energy differences by some 25000 and 27000 cm −1 , respectively, in average, as it can be seen in Table I . The large transition energy corrections can be associated with the fact that electron correlation is much larger for tight 4f -4f electron pairs than for more distant 4f -5d electron pairs and the number of 4f -4f pairs substituted by 4f -5d pairs is largest in this 14 f -electron system. Electron correlation is found to decrease all bond lengths significantly, by about 0.09-0.10Å, the reduction being quite uniform; theν a 1g values are only slightly decreased.
Once scalar relativistic effects and dynamic electron correlation have been accounted for at the MS-CASPT2 level, it is possible to include spin-orbit coupling by doing spin-orbit CI calculations using the sf ss Wood-Boring AIMP Hamiltonian, as described in Section II. Table II ). The spin-orbit splitting of the 4f 13 subshell can be estimated from the difference in the average energies of the 4f 13 (5/2)5d(t 2g ) 1 (38100 cm −1 ) and 4f 13 (7/2)5d(t 2g ) 1 (27600 cm −1 ) states, which is about 10500 cm −1 (Figure 2, right) , or as the energy difference from the lowest states which keep 4f 13 (5/2)5d(e g ) 1 character and the lowest states of the 4f 13 (7/2)5d(e g ) 1 manifold, i.e., T e (6A 1u ) -T e (8E u ) = 10000 cm −1 (Table II) . These differences are close to the corresponding value in the free ion: 10800 cm −1 .
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A much smaller energy gap is found in the lower energy part of the 4f 13 (7/2)5d(t 2g ) 1 manifold, between states 1T 2u and 1T 1u , (see Figure 2 , right). This energy gap has been discussed in detail in Ref. 33 , where it has been shown to be a consequence of the energy separation between the lowest high-spin state, 1 3 T 1u , and the next higher 4f 13 5d(t 2g ) 1 state, as calculated at the spin-orbit free MS-CASPT2 level (see Figure 2, left) .
B.
The absorption spectrum of Yb 2+ -doped CsCaBr 3 .
The envelope of the absorption spectrum presented in Fig. 3 was produced as a superposition of the a 1g vibrational progression of each individual electric dipole allowed transitions
) calculated using the semiclassical time-dependent approach of
Heller with different values for the line broadening parameter (40 and 5 cm −1 in the low and high resolution spectra, respectively). [46] [47] [48] To do this, the calculated equilibrium distance and a 1g vibrational frequencies of the ground and excited states were used together with the corresponding minimum-to-minimum energy differences and absorption oscillator strengths (Table II) . Some electric dipole forbidden transitions that should be experimentally observable as low intensity vibronic transitions preceding the intense electric dipole allowed bands have been indicated with vertical bars.
The calculated spectrum consists of 4 separated groups of bands (Fig. 3 ). This structure is consistent with the existence of manifolds and submanifolds, separated by energy gaps, we have just discussed in Subsection III A. The electronic origins with non-negligible absorption oscillator strengths that contribute to each group and their assignment to manifolds with a dominat configuration character are as follows: Group 1 is formed by origins i = 1, 2, Fig. 3 and confront individual equilibrium geometries in Table II The fact that the 4f 13 6s 1 states are so high in energy in the crystal, whereas they are among the lowest excited states in the free ion, is an interesting feature. The question of why these states are destabilized so strongly in the solid is discussed elsewhere.
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C.
Multiple spontaneous emissions in CsCaBr 3 :Yb 2+ .
In Table III we collect the data corresponding to the potentially emitting levels. They lie immediately above the five energy gaps we have just discussed and all but the highest in energy, which is probably in the conduction band (CB), should be stable enough to luminesce. To support this conclusion, we have estimated the approximate order, p, of the multiphonon process that could compete with the radiative emission from each level iΓ, as proposed in Ref. 10 : p = E gap (iΓ)/hν max (see Table III ). For this, we have used the energy gap below state iΓ, E gap (iΓ), and theν a 1g value of the level lying below the gap as maximum phonon frequency, ν max (Table II) . The values of p make it reasonable to expect that multiphonon relaxation processes could be competitive in the case of 1T 1u state and negligible for the rest of states. The different spin character of the states lying above and below the gap also supports their stability, as revealed by the term analysis of the wave functions. Whereas the states lying above the large energy gaps, 1T 2u (90%1 3 T 1u ) and
, and 6A 1u (97%4 3 T 1u ), can be classified as high-spin states, since their spin-orbit wave functions are dominated by a particular highspin term of T 1u spatial symmetry whose contribution is larger than 85%, the states lying below the large energy gaps show extensive spin-orbit mixing and cannot be classified as high-spin states nor as low-spin states, but as spin-mixed states. The opposite is true for the states lying above and below the smaller energy gap: whereas 1T 1u and 2T 1u (see Table II ), are spin-mixed states, 1T 2u and 1E u are 90% high-spin 1 3 T 1u .
The characteristics of the predicted spontaneous emissions are summarized in Table III; the two lowest emission bands are also presented in Fig. 4 . The first band is a double emission that corresponds to the 1T 2u , 1E u →1A 1g electric dipole forbidden transitions and is indicated with vertical bars in Fig. 4 . As mentioned above it can be labeled as a spinforbidden band and it should lead to a slow emission. The second band is an electric dipole allowed double emission and its envelope has been calculated as a superposition of the a 1g it has been interpreted as a manifestation of competing radiative and nonradiative decay from the higher state, which favours nonradiative feeding of the lower state as the rate of the non-radiative process increases with temperature, so that a gradual change of relative intensities is observed from the low T limit, where the intensity of the higer, fast emission is largest, to the high T limit, where the intensity of the lower, slow emission is largest.
The first two bands of the calculated absorption and emission spectra of CsCaBr 3 :Yb 2+ , presented here, agree with (i) and (ii), respectively. The prediction that non-radiative decay from 1T 1u and 2T 1u to 1T 2u and 1E u should be competitive with radiative decay, discussed above, is also in agreement with (iii). However, the methods used here do not allow to calculate non-radiative relaxation rates and, hence, the temperature dependence of the relative intensity of the first two emission bands cannot be calculated; furthermore, the spontaneous emission lifetime calculated here refers only to the radiative process (which, nevertheless, is useful to infer the contribution of the non-radiative process to the experimental emission lifetime). Taking all of the latter into account, the calculated emission lifetime and emission spectrum in Fig. 4 should be comparable with the low T emission lifetime and emission spectrum. As far as we know, the only report on the spectral features of CsCaBr 3 :Yb 2+ crystals is that of Ref. 3 . The 77 and 300 K emission spectra were presented in the range of 21000 to 25800 cm −1 . Both spectra show two very broad, structureless bands whose relative intensities vary with temperature as we have just described. The peak positions at 77 K seem to be at 23000 and 24500 cm −1 , the intensity of the lower band is almost negligible, and no report on emission lifetime values was given. Our results agree with the intensity pattern, deviate 900 and 2100 cm −1 from the peak positions (Table III) , give a 20% narrower higher band, and a too large (by 900 cm −1 , 50%) gap between the two bands.
The comparison with the data reported in Ref. 3 is, however, very uncertain and more experimental work is necessary which explores lower temperatures and emission lifetimes, and, very important, which extends the investigation of the emission spectrum to much higher energies, given the predictions of this paper on multiple luminescence.
IV. CONCLUSIONS
Multiple spontaneous 4f 13 5d 1 →4f 14 emissions are predicted in Yb 2+ -doped CsCaBr 3 crystals by ab initio quantum chemical calculations. Four emission bands are found at 23900, 26600, 34600, and 43900 cm −1 that should be experimentally observable at low temperatures. They are assigned to emissions from the following electronic states, respectively: 4f
and 4f 13 (7/2)5d(e g ) 1 -8E u . The first, third, and fourth bands are slow, electric dipole forbidden emissions, which can be described as spin-forbidden given that the corresponding spin-orbit wave functions are dominated (88-97%) by a single term of 3 T 1u symmetry. The second band is a fast, electric dipole allowed emission that cannot be described as spin-allowed, because it is an extensive mixture of terms; rather, it can be described as spinenabled, because it gets its intensity from the contributions of 1 T 1u enabling terms; its spontaneous (radiative) emission lifetime is 400 ns. Large energy gaps are found below the emitting levels of the slow bands (23900, 4600, 4000 cm −1 , respectively), relative to the maximum local phonon energies calculated (around 185 cm −1 ), which indicates that these states should be significantly stable and multiphonon relaxation to the lower states should be negligible. A smaller gap is found below the states of the fast band (2600 cm −1 ), which should result in a temperature dependent competition between radiative and multiphonon decay. Differential correlation between 4f -4f and 4f -5d pairs (which increases the energy differences by 25000 -27000 cm to represent the host crystal. Typical discrepancies with experimental transition energies obtained in previous applications to similar systems using the same combination of methods make it reasonable to expect overestimations lower than 10 %; this suggests that the predicted transition energies could be observed experimentally some 2000-3000 cm −1 below the predicted values.
V. ACKNOWLEDGEMENTS
This research was supported in part by Ministerio de Ciencia e Innovación, Spain, under contracts CTQ2005-08550 and MAT2008-05379. G.S-S. acknowledges an FPI fellowship 
